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Rather, these data strongly suggest Ca2 influx results sensing transitions followed by conformational re-
arrangements of the S4 segments in each of the fourin very local changes in Ca2 concentrations, at the site
subunits in the potassium channel tetramer. S4 re-of the GluR2 signaling complex. This suggests that
sponds to depolarizing membrane potential by displac-the cell death pathway triggered by glutamate and the
ing some of its basic residues in the outward direction,GluR2Lc channel relies for the most part on the forma-
across the membrane electric field, generating currentstion of macromolecular signaling complexes and pro-
known as the “gating currents” (Aggarwal and MacKin-tein-protein interactions. If you will, solid state pro-
non, 1996; Bezanilla, 2000). These currents precedecesses.
channel opening, suggesting that the S4 domains must
first move in order to open the permeation pathway.Harry T. Orr
The nonpolar nature of the membrane does not favor
Institute of Human Genetics
a transmembrane  helix rich with basic residues such
University of Minnesota
as the S4. Two mechanisms exist to overcome this limi-
Minneapolis, Minnesota 55455
tation. One is to shield the S4 transmembrane domain
between other transmembrane  helices (S2, S3, andSelected Reading
S5) to effectively shield the positive charges of S4 and, in
addition, to physically stabilize and effectively neutralizeChoi, D.W. (1988). Neuron 1, 623–634.
the S4 positively charged basic groups by providingDoughty, M.L., De Jager, P.L., Korsmeyer, S.J., and Heintz, N. (2000).
J. Neurosci. 20, 3687–3694. negatively charged side chains to create salt bridge
interactions (Tiwari-Woodruff et al., 1997). The secondDunn, W.A., Jr. (1994). Trends Cell Biol. 4, 139–143.
solution is to decrease the number of effective chargesKametaka, S., Okano, T., Ohsumi, M., and Ohsumi, Y. (1998). J. Biol.
Chem. 273, 22284–22291. within the low dielectric environment by creating a crev-
ice or a gating canal, 14 A˚ thick (compared to a lipidKlionsky, D.J., and Emr, S.D. (2000). Science 290, 1717–1721.
bilayer with average thickness of 35 A˚), placing mostLiang, X.H., Kleeman, L.K., Jiang, H.H., Goldman, J.E., Berry, G.,
Herman, B., and Levine, B. (1998). J. Virol. 72, 8586–8596. of the S4 basic side chains in a cozy watery environment,
mainly on the intracellular side at rest (Larsson et al.,Olney, J.W., and Sharpe, L.G. (1969). Science 166, 386–388.
1996; Starace and Bezanilla, 2001). Once the membranePettmann, B., and Henderson, C.E. (1998). Neuron 20, 633–647.
is depolarized, the S4 undergoes a rotation of 180Seeburg, P.H. (1997). Nature 388, 716–717.
(Cha et al., 1999; Glauner et al., 1999), probably accom-Selimi, F., Vogel, M.W., and Mariani, J. (2000). J. Neurosci. 20, 5339–
panied by an axial translation in the outward direction,5345.
somewhat like a drill (Glauner et al., 1999). This overallYue, Z., Horton, A., Bravin, M., DeJager, P., Selimi, F., and Heintz,
motion, therefore, requires the breaking of the salt brid-N. (2002). Neuron 35, this issue, 921–933.
ges formed with the S2 and S3 transmembrane domainsZuo, J., De Jager, P.L., Takahashi, K.A., Jiang, W., Linden, D.J., and
Heintz, N. (1997). Nature 388, 769–773. in the hyperpolarized resting state of S4 (where the gate
is closed) and the formation of new ones in the depolar-
ized activated state (where the gate is open). This inti-
mate interaction of the S4 with the S2-S3 crevice implies
that physical constraints in the crevice have the potentialTrapping the Sensor of affecting S4 motion during depolarization, much as
the motion of a piston would be affected by a change
in the shape of its cylinder.
In this issue of Neuron, Scho¨nherr and colleaguesVoltage-gated ion channels open in response to a
(2002) explored the molecular mechanism by which
change in membrane potential. The “sensor,” or the
magnesium ions affect the gating of the bovine EAG1
channel’s molecular entity responsible for the detec- potassium channel. EAG channels have a unique ability
tion of voltage change, is formed by a transmembrane to switch between two gating speeds: a fast mode that
element, rich with basic residues, called the “voltage opens the channel in milliseconds and a hyperpolariza-
sensor” or the “S4 domain.” The movement of the S4 tion-dependent slow mode that takes a sizable fraction
drives a global conformational change leading to the of a second and with very sigmoidal opening kinetics.
opening of the permeation pathway and ion conduc- Switching between these two modes depends on exter-
tion. In this issue of Neuron, Scho¨nherr and colleagues nal magnesium ions. One magnesium ion interacts with
(2002) show that physical constrains of the “gating a pair of negatively charged residues in S2 and S3, which
canal,” or the crevice through which the S4 moves, are uniquely found in the EAG channel family (Silverman
determines whether voltage-gated potassium chan- et al., 2000). To determine whether the action of magne-
nels open quickly or slowly. sium is directly on S4 motion or on the S4-gate coupling
mechanism, Scho¨nherr and colleagues combine three
Exactly 50 years ago, Hodgkin and Huxley (Hodgkin powerful methodologies, steady-state cysteine accessi-
and Huxley, 1952), in a seminal study, suggested that bility mutagenesis, perturbation scanning, and voltage
voltage-dependent channel gating is the consequence clamp fluorometry (VCF), which together enable a corre-
of a series of voltage-dependent transmembrane mo- lation to be made between S4 topology and protein
tions of four identical and independent charged “gating movement in the transitions that precede the opening
particles.” In their model, movement of the last gating of the permeation pathway. The authors now provide
particle turns on ion conduction. This series of activation evidence for a change in the physical dimension of the
crevice during channel activation.transitions is now known to involve independent voltage
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Cha, A., Snyder, G.E., Selvin, P.R., and Bezanilla, F. (1999). NatureA SCAM analysis of S4 exposure reveals that EAG’s
402, 809–813.S4 moves like that of Shaker channel and that entry into
Glauner, K.S., Mannuzzu, L.M., Gandhi, C.S., and Isacoff, E.Y. (1999).the slow gating mode is perturbed by mutation of S4
Nature 402, 813–817.residues located in the crevice in the resting state. Using
Hodgkin, A.L., and Huxley, A.F. (1952). J. Physiol. 117, 500–544.VCF, the authors show that the residues with the largest
Larsson, H.P., Baker, O.S., Dhillon, D.S., and Isacoff, E.Y. (1996).effect on the slow gating mode fluorescently report pro-
Neuron 16, 387–397.tein motion involved in the entry into this state. In addi-
Scho¨nherr, R., Mannuzzu, L.M., Isacoff, E.Y., and Heinemann, S.H.tion, they identify residues that faithfully report the con-
(2002). Neuron 35, this issue, 935–949.ventional fast activation transition that generates the
Silverman, W.R., Tang, C.Y., Mock, A.F., Huh, K.B., and Papazian,gating current and leads to channel opening. These ex-
D.M. (2000). J. Gen. Physiol. 116, 663–678.
periments thus suggest that sites at the S4 domain that
Starace, D.M., and Bezanilla, F. (2001). J. Gen. Physiol. 117, 469–490.largely affect slow gating (high-impact sites) also un-
Tiwari-Woodruff, S.K., Schulteis, C.T., Mock, A.F., and Papazian,dergo conformational rearrangement. It is rather amaz-
D.M. (1997). Biophys. J. 72, 1489–1500.
ing to note that this motion between different closed
states that had previously only been predicted to occur
based on channel gating kinetics can now be monitored
directly using VCF. Since these conformational changes
are only detected with the dye on the positively charged Forgetting Those Painful Moments
-helical face of S4, the rearrangement appears to occur
not in S4 but in its surrounding, probably the S2 and
the S3 segments.
We all know that memories fade—although not alwaysThe findings suggest that movement of the S4 during
as quickly as we would like. What molecular and cellu-activation introduces two more positive charges into the
lar processes underlie forgetting? In this issue of Neu-crevice, for a total of three charges, and that increases
ron, Schwaerzel et al. indicate that extinction of anby 30% the side chain volume within the crevice. In
odor memory in Drosophila may involve the same neu-order for the crevice to accommodate this volume
rons as those involved in forming the memory.change, it is expected to adopt a wider conformation.
Such physical widening of the crevice is proposed to
require a prior relief of the magnesium-dependent stabi- All memories slowly decay, and this could result from
lization of the narrow conformation of the crevice. This breakdown or improper maintenance of the molecular
implies a very specific sequence of events during chan- changes in the brain that represent the memory. Our
nel gating, where, following depolarization, the magne- understanding of memory formation is improving. We
sium ion has to first dissociate, allowing the crevice to know many of the molecular players and are starting to
widen, and only then the outward motion of the S4 is fit the pieces into cellular networks in a number of model
permitted. This sequence of events explains the com- nervous systems (Kandel, 2001; LeDoux, 2000; Waddell
plex sigmoidal activation kinetics seen in these chan- and Quinn, 2001). However, passive memory decay is
nels, the strong influence of magnesium in assisting the not the only way we forget. Memories can also be ac-
movement of the S4 back to its resting state at strong tively extinguished (Rescorla, 2001). In this issue of Neu-
negative potentials, and the effect of these ions in ron, Schwaerzel et al. report their efforts to understand
switching the channel to its slow gating mode at rest. the extinction of associative olfactory memory in Dro-
Although most voltage-gated potassium channels do sophila.
not have magnesium-dependent modal switching of Associative learning is readily studied in several ani-
channel gating, this work illuminates our understanding mal models. Essentially, an animal learns to expect pun-
of the mechanism by which most voltage-gated chan- ishment (or reward) when they encounter a stimulus that
nels operate. In most voltage-gated potassium chan- they previously experienced with that penal (or pleasur-
nels, activation increases the amount of S4 charges in able) reinforcement. For example, rodents can be taught
the crevice and, in addition, displaces a larger side chain to associate a tone with electric shock punishment
volume. This may introduce the need for conformational (LeDoux 2000). Later, when they hear the tone alone,
rearrangements of the S2/S3 region to adapt the acti- they display features of a fearful response and freeze.
vated state of S4, leading to part of the coupling between Fruit flies can be similarly trained to associate an odor
voltage sensing and pore opening in voltage-gated with an electric shock punishment. When later given a
channels. choice between that odor and another, they choose the
non-shock-associated odor (Tully and Quinn, 1985).
In flies, memory normally decays slowly after training,Eitan Reuveny
but it can be more rapidly extinguished by repeatedlyDepartment of Biological Chemistry
exposing the flies to the conditioned odor in the absenceWeizmann Institute of Science
of punishment (Tully and Quinn, 1985). This “extinctionRehovot, 76100
training” results in the odor becoming a less reliableIsrael
predictor of punishment and in turn suppresses the
learned avoidance. Although extinction diminishes theSelected Reading
expression of learned behavior, it is evident from many
Aggarwal, S.K., and MacKinnon, R. (1996). Neuron 16, 1169–1177. studies in rodents that the initial learning is suppressed
rather than erased (Rescorla, 2001). The best evidenceBezanilla, F. (2000). Physiol. Rev. 80, 555–592.
